This work describes the consolidation of commingled yarn-based thermoplastic composites. The consolidation operation involves deformation of the preform, wetting and compaction of fibre bundles, and resin flow through the preform. The model framework comprises a continuum formulation of a non-linear compressible porous solid saturated with an incompressible fluid. In this model, the solid phase represents the fibres plus any uninfiltrated void space within the fibre bundles, and the fluid phase represents the resin. Constitutive equations governing the forming process are developed. These are the effective stress response of the preform, compaction of the solid phase, and Darcian interaction between the phases. Particular attention is paid to the compaction of the solid phase (consisting of a fibre packing mechanism and a viscous wetting process), the volumetric response of the preform and the tension-compression asymmetric response of the fibres. The fibre packing is described by a hyperelastic packing model, and the wetting of bundles by microscopic Darcy flow is described as a viscous compaction of the solid phase. An experimental method for the measurement of the volumetric response of the preform in separation from other processes is introduced. A phenomenological constitutive model for tension-compression asymmetric of a fibre is proposed. The constitutive equations for solid and preform compaction are assessed against experimental data, while the tensioncompression asymmetric model is fitted to a simple tension-compression experiment. Finally, the work is concluded by a numerical example that demonstrates the versatility of the approach, where the material science is combined with two-phase continuum mechanics.
INTRODUCTION

Figure 1. Pre-impregnation by commingling thermoplastic (black) and reinforcing (white) fibres.
Thermoplastic matrix composites are considered the composites of the future. However, their use has been hampered by the difficulty with which they are manufactured. That is, thermoplastic polymers exhibit significantly higher viscosity than do thermoset resins. Consequently, the difficulty experienced in manufacture of thermoplastic matrix composites is related to the polymer flow and impregnation of the reinforcing fibres. Manufacturing processes to mitigate this problem have been developed [1] , processing the composite in two steps: pre-impregnation and moulding. The pre-impregnation yields a semi-product, in which the thermoplastic has been dispersed in the fibre network, minimising the distance the polymer must flow to wet the fibres, yet no wetting has taken place, which keeps the semiproduct flexible. Commingling of thermoplastic fibres with the reinforcing fibres is a promising route for pre-impregnation, see Figure 1 , featuring relatively high and uniform preimpregnation quality at low cost.
Simulating the consolidation of hybrid yarn composites, in all its complexity, is a true multiprocess problem. There are at least four relevant processes to consider: elastic deformation and infiltration of individual fibre bundles (mm-scale), overall elastic deformation of the preform (macro-scale), and macroscopic Darcy flow. A continuum thermodynamic framework for the purpose of thermoplastic matrix composites process simulation has been developed recently [2] - [5] . In [2] a generic two-phase continuum mechanical framework was developed and specialised it to the consolidation of commingled yarn based composites. In [3] , the framework was extended by establishing constitutive equations governing the wetting of commingled yarn based composites. In [4] an experimental method to study the overall preform deformation separately from the wetting and compaction of individual bundles was introduced. Finally, in [5] a phenomenological constitutive model for tension-compression asymmetric and anisotropic fibres perform was developed. The proposed models were introduced into the two-phase continuum framework and demonstrated by simulation the consolidation of a commingled-yarn filament wound pressure vessel.
In the previous work [2] - [5] the total response was assumed to be macroscopically undrained. However, real composites processing are almost always drained. The objective of the present work is therefore to formulate and introduce a model for macroscopic Darcy flow into the continuum thermodynamic framework of [2] and solve it using the FEM. Finally, the present approach will be demonstrated by studying prototype problems of the consolidation of commingled yarn based composites.
